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Abstract
Background: Discrepancies exist between osteoarthritic joint changes
and pain severity before and after total hip (THR) and knee (TKR)
replacement. This study investigated whether the interaction between
pre-operative widespread hyperalgesia and severity of radiographic
osteoarthritis (OA) was associated with pain severity before and after
joint replacement.
Methods: Data were analysed from 232 patients receiving THR and 241
receiving TKR. Pain was assessed pre-operatively and at 12 months post-
operatively using the WOMAC Pain Scale. Widespread hyperalgesia was
assessed through forearm pressure pain thresholds (PPTs). Radiographic
OA was evaluated using the Kellgren and Lawrence scheme. Statistical
analysis was conducted using multilevel models, and adjusted for
confounding variables.
Results: Pre-operative: In knee patients, there was weak evidence that
the effect of PPTs on pain severity was greater in patients with more
severe OA (Grade 3 OA: ß = 0.96 vs. Grade 4: ß = 4.03), indicating that
in these patients higher PPTs (less widespread hyperalgesia) was
associated with less severe pain. In hip patients, the effect of PPTs on
pain did not differ with radiographic OA (Grade 3 OA: ß = 3.95 vs.
Grade 4: ß = 3.67).
Post-operative: There was weak evidence that knee patients with less
severe OA who had greater widespread hyperalgesia benefitted less from
surgery (Grade 3 OA: ß = 2.28; 95% CI 1.69 to 6.25). Conversely,
there was weak evidence that hip patients with more severe OA who
had greater widespread hyperalgesia benefitted more from surgery
(Grade 4 OA: ß = 2.92; 95% CI 6.58 to 0.74).
Conclusions: Widespread sensitization may be a determinant of how
much patients benefit from joint replacement, but the effect varies by
joint and severity of structural joint changes.
Significance: Pre-operative widespread hyperalgesia and radiographic
osteoarthritis (OA) severity may influence how much patients benefit
from joint replacement. Patients undergoing knee replacement with less
severe OA and greater widespread hyperalgesia benefitted less from
surgery than patients with less hyperalgesia. Patients undergoing hip
replacement with more severe OA and greater widespread hyperalgesia
benefitted more than patients with less hyperalgesia.
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1. Introduction
Assessment and diagnosis of osteoarthritis (OA) com-
monly involves radiographs to visualize structural
joint changes. However, radiographic results do not
always correlate with symptoms, and there is discor-
dance between pain severity and radiographic OA
severity. Research has demonstrated that some
patients experience little pain in the presence of sev-
ere structural joint changes, whereas other patients
report severe pain with milder structural joint
changes (Bedson and Croft, 2008). The severity of
radiographic OA has been found to explain <20% of
the variance in pain intensity (Murphy et al., 2011).
The aetiology of this discordance is likely multifacto-
rial, as pain severity can be influenced by numerous
factors including psychological status (Finan et al.,
2013), peripheral causes of pain including bone mar-
row lesions, knee effusions and soft tissue lesions
(Felson, 2005), and central-mediated changes in pain
processing (Finan et al., 2013; Goode et al., 2014).
The severity of structural joint changes as assessed
by x-ray (radiographic OA) has been associated with
long-term pain outcomes in patients following joint
replacement. Studies report that patients with less
severe structural joint changes prior to surgery are
more likely to report chronic pain post-operatively
(Dowsey et al., 2012, 2016; Valdes et al., 2012).
Understanding this inverse relationship between
radiographic OA and pain after joint replacement
may partly help to explain why 10% of patients
receiving total hip replacement (THR) and 20% of
patients receiving total knee replacement (TKR)
report unfavourable long-term pain outcomes (Bes-
wick et al., 2012).
One possible factor contributing to the relation-
ships between radiographic OA and pain severity
before and after joint replacement is central sensiti-
zation. This refers to changes in central pain process-
ing that occur when large amounts of peripheral
noxious input lead to hyperexcitiability of neurones
and amplification of pain signalling. Reduced pain
thresholds at a body site distant to the painful joint,
known as widespread hyperalgesia, is one indication
of the presence of central sensitization and can be
assessed experimentally using Quantitative Sensory
Testing (QST). Central sensitization is common in
patients with OA (Suokas et al., 2012) and pain
severity is associated with QST findings (Arendt-Niel-
sen et al., 2010). Patients with high pain severity
and less severe radiographic OA have been found to
report greater abnormalities in central pain process-
ing than patients with less pain and more severe
radiographic OA (Finan et al., 2013). Preliminary
research suggests that central sensitization may be
associated with outcomes after joint replacement
(Lundblad et al., 2008; Wylde et al., 2013). In light
of this, the aims of this study were to investigate
whether pre-operative widespread hyperalgesia,
radiographic OA, and the interaction between these
two factors were associated with: (1) Pre-operative
pain severity; and (2) Change in pain severity from
pre-operative to 12 months post-operative, that is,
how much pain relief patients gained from joint
replacement.
2. Patients and methods
The data analysed were from the Arthroplasty Pain
Experience (APEX) trials. The published protocol and
clinical results paper for the APEX trials provides full
details of the research design and findings (Wylde
et al., 2011a, 2015a). Briefly, these double-blind,
single-centre, randomized controlled trials aimed to
investigate the effect of local anaesthetic wound
infiltration on pain severity at 12 months after joint
replacement. Between 2009 and 2012, 322 patients
undergoing THR and 316 patients undergoing TKR
were recruited. Inclusion criteria were waiting for a
primary unilateral THR or TKR for OA. Exclusion
criteria were inability to provide informed consent or
complete questionnaires and medical co-morbidity
precluding use of spinal anaesthesia, regional blocks
or strong analgesics post-operatively. The APEX trials
were approved by Southampton and South West
Hampshire Research Ethics Committee (09/H0504/
94) and all participants provided informed, written
consent.
2.2 Measurements
2.2.1 Exposures
2.2.1.1 Widespread hyperalgesia. Pre-operative widespread
hyperalgesia was assessed using QST, a non-invasive
method which measures participants’ responses to
external stimuli of controlled intensity. The
measurement of pressure pain thresholds (PPTs) using
a digital algometer was chosen because it is quick and
easy to perform in a clinical setting, has demonstrated
good short-term reliability in patients with OA
(Wylde et al., 2011b), and is a sensitive method for
evaluating pain sensitization (Suokas et al., 2012). A
digital algometer (Somedic, Horby, Sweden) with a
1 cm probe was used to assess pre-operative PPTs at
the volar forearm. Force was applied at a constant rate
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of 10 kPa/s and participants were instructed to say
‘stop’ as soon as the sensation of pressure became the
first sensation of pain. PPTs can be interpreted as
lower values representing increased widespread
hyperalgesia. Pressure algometry was repeated three
times, and the position of the algometer was altered
slightly each time to avoid sensitization of the test
area. PPT used in the analyses was based on the mean
of the three PPT measurements, and then
standardized across the population using a z-
transformation. Results are the interpreted per
standard deviation increase in PPT.
2.2.1.2 Radiographic OA severity. The degree of
structural joint damage was graded on pre-operative
anteroposterior and lateral radiographs using the
Kellgren and Lawrence (K&L) scheme (Kellgren and
Lawrence, 1957). This scheme assesses OA severity
based on the degree of osteophyte formation and
cartilage degeneration (as measured by joint space
narrowing), with scores ranging from 0 (no joint
damage) to 4 (severe joint damage). Patients with a
K&L grade of ≤2 (5 knee patients and 14 hip
patients) were excluded from these analyses because
of the small numbers. Radiographs were graded by
one observer (AO). Interobserver reliability was
assessed by a second observer (PD) grading a
random sample of 26 hip OA radiographs and 28
knee OA radiographs and agreement was good (Hip:
unweighted kappa 0.70, agreement 84.6%; Knee:
unweighted kappa 0.61; agreement 78.6%).
2.2.2 Outcomes
Patient-reported pain severity in the replaced joint
was assessed pre-operatively and at 12 months post-
operatively using the Western Ontario and McMaster
Universities Osteoarthritis (WOMAC) Pain scale (Bel-
lamy et al., 1988). Total scores were transformed to
a 0–100 scale (worst to best).
2.2.3 Confounding variables
This analysis involved analysing data from the APEX
trials as a cohort study, and therefore adjustment
was required to control for confounding factors. In
addition, analyses that used post-intervention data
were adjusted for allocation to the trial intervention
(randomization) to ensure that any treatment effect
from the intervention did not bias the results (Mar-
tin et al., 2010; Black et al., 2014). Confounding fac-
tors that were adjusted for were age at recruitment,
gender, cohabitation (living alone or not alone),
employment status (retired or not retired), educa-
tional attainment (education to before or after
normal school leaving age) and body mass index
(BMI).
2.3 Statistical analysis
All analyses were performed separately for hip and
knee patients. Participant characteristics and out-
come measures are reported as means, standard
deviations (SD), median and interquartile cut-points
for continuous measures. Frequencies were used to
describe categorical variables.
A multilevel model was used to simultaneously
investigate the effect of PPT and OA grade on pre-
operative pain severity and change in pain severity
from pre- to post-operative. In this approach, the
effect of the exposure variable(s) on pre-operative
pain was not modelled directly. Instead, this effect
was investigated by the inclusion of an interaction
between the pre-operative measurement occasion
and the exposure variable(s). In addition, the effect
of the exposure(s) on change in pain was modelled
by the inclusion of an (two way) interaction
between the exposure variable(s) and time. Further-
more, to investigate any interactions between PPT
and OA grade on pre-operative pain and change in
pain, three-way interactions between the measure-
ment occasion, PPT and OA grade were used. This
approach allowed the investigation of the effect of
PPT and OA grade on the amount of pain relief that
patients gained from joint replacement, while appro-
priately adjusting for the effect of the exposures on
pre-operative pain.
Four models with pre-operative pain and change
in pain severity with surgery as outcomes were con-
structed. Model 1 investigated the association
between OA grade and pain. Model 2 investigated
the association between PPT and pain. Model 3
investigated two associations (1) the association
between OA and pain adjusted for PPT; and (2) the
association between PPT and pain adjusted for OA.
Model 4 investigated the interaction between PPT
and OA grade and the impact on pain. The models
described above were first minimally adjusted for
age, gender and randomization and then more com-
pletely adjusted for age, gender, randomization,
cohabitation, employment status, education and
BMI.
All models were fitted using iterative generalized
least squares in MLwiN (Rasbash et al., 2009) using
Stata’s runmlwin command (Leckie and Charlton,
2013).
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3. Results
3.1 Participants
WOMAC Pain scores at 12 months post-operative
were available for 281 patients receiving TKR and
273 patients receiving THR. After exclusion of
patients with incomplete covariate information,
including confounding variables, 232 patients receiv-
ing THR and 241 receiving TKR were included in the
analysis. Patients not included in the analysis were
broadly similar to those included in the analysis
(Supporting Information Tables S1 and S2). The
mean age of participants included in the analysis
was 66 (SD 10) in the hip cohort and 69 (SD 9) in
the knee cohort. The percentage of female patients
was slightly higher than male patients (56% women
in the hip cohort and 53% in the knee cohort).
Demographic and clinical characteristics of partici-
pants are presented in Tables 1 and 2.
3.2 Association of PPTs and radiographic OA
with pre-operative pain severity
3.2.1 Hip OA
Results are presented in Table 3. There was no evi-
dence of an association between pre-operative pain
severity and OA grade (Pre-operative model 1). A
higher PPT, indicating less widespread hyperalgesia,
was significantly associated with a higher WOMAC
Pain score, that is, less pre-operative pain (Pre-
operative model 2). A SD increase in standardized
PPT resulted in nearly a 4 point higher score on the
WOMAC Pain Scale. Adjusting the association
between pre-operative pain severity and PPT by OA
grade resulted in a very modest attenuation of the
results. Similarly, adjusting the association between
pre-operative pain severity and OA grade by PPT
resulted in a modest attenuation of the results (Pre-
operative model 3). The effect of PPT on pre-opera-
tive pain severity was similar in patients with Grade
3 and 4 OA, that is, no interaction between PPT and
OA grade (Pre-operative model 4). There was little
difference between the effects when analyses were
more fully adjusted for socio-demographic factors.
3.2.2 Knee OA
Results are presented in Table 4. Pre-operative pain
was significantly less severe in patients with Grade 4
OA (Pre-operative model 1), and on average patients
with Grade 4 OA had a 5 point higher (better)
WOMAC Pain Score than patients with Grade 3 OA.
Higher PPTs were significantly associated with less
severe pre-operative pain (Pre-operative model 2),
with a SD increase in standardized PPT resulting in
nearly a 3-point better score on the WOMAC Pain
Scale. Adjusting the association between pre-opera-
tive pain severity and PPTs by OA grade and vice
versa resulted in a very modest attenuation of the
results (Pre-operative model 3). There was a weak
suggestion of an interaction between pre-operative
pain severity, PPT and OA grade (Pre-operative
model 4). While the interaction was not nominally
significant (p > 0.05), the association between pre-
operative pain severity and PPT in patients with
Grade 4 OA was approximately four times greater
than in patients with Grade 3 OA, indicating that as
PPT increases, pain severity decreases.
3.3 Association of PPTs and radiographic OA
with post-operative pain outcomes
3.3.1 Total hip replacement
Results are presented in Table 3. There was weak
evidence of an association of radiographic OA with
change in pain (Post-operative model 1). Patients
with Grade 4 OA had an approximately 4.5 unit
greater change in WOMAC Pain score than patients
with Grade 3 OA, although the evidence was weak.
There was no evidence of an association between
PPT and change in pain severity between pre and
post-surgery (Post-operative model 2). Adjusting the
association between pain and PPT by OA grade and
vice versa resulted in a very modest attenuation of
the results (Post-operative model 3). The effect of
PPTs on change in pain severity differed by OA grade
(Post-operative model 4). There was weak evidence
Table 1 Demographic characteristics of patients undergoing total hip
replacement and total knee replacement.
Hips (n = 232) Knees (n = 241)
Randomization Standard care 113 (49%) 120 (50%)
Intervention 119 (51%) 121 (50%)
Sex Male 101 (44%) 113 (47%)
Female 131 (56%) 128 (53%)
Retired Not retired 91 (39%) 65 (27%)
Retired 141 (61%) 176 (73%)
Cohabitation Alone 50 (22%) 69 (29%)
Not alone 182 (78%) 172 (71%)
Education Before normal
school
leaving age
155 (67%) 184 (76%)
After normal
school
leaving age
77 (33%) 57 (24%)
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that patients in the Grade 4 OA group with higher
PPTs benefitted less from surgery (decreased change
in WOMAC Pain score) than those with lower PPTs.
In contrast, there was little evidence of an associa-
tion between PPTs and change in pain severity in
patients with Grade 3 OA.
3.3.2 Total knee replacement
Results are presented Table 4. There was little evi-
dence of a difference in change in pain severity
following surgery in patients with Grade 3 and 4 OA
(Post-operative model 1). Similarly, there was no
association between change in pain severity and
PPTs (Post-operative model 2), and adjusting this
association between pain severity and PPTs by OA
grade and vice versa had little effect (Post-operative
model 3). There was weak evidence of a differential
effect of PPT by OA grade on change in pain severity
following surgery (Post-operative model 4). Results
suggested weak evidence of a positive association
between PPTs and change in pain severity in patients
Table 2 Descriptive statistics for patients undergoing total hip and total knee replacement.
Time Measure Mean (SD) IQR (25, 50, 75)
Hips (n = 232) Pre PPT meana 212.40 (97.64) (138.16, 193.33, 266.66)
PPT SDb 39.25 (32.89) (16.34, 29.70, 53.73)
BMI 29.18 (5.62) (25.65, 27.96, 32.07)
Age 66.37 (10.22) (59.50, 66.00, 73.00)
WOMAC Pain score 43.83 (18.37) (30.00, 45.00, 55.00)
Post WOMAC Pain score 90.46 (15.28) (85.00, 95.00, 100.00)
Knees (n = 241) Pre PPT meana 203.13 (103.45) (31.67, 180.33, 248)
PPT SDb 32.97 (25.96) (16.37, 27.22, 40.51)
BMI 32.55 (6.29) (28.03, 31.85, 36.25)
Age 68.93 (8.66) (63.00, 70.00, 75.00)
WOMAC Pain score 42.78 (16.68) (35.00, 45.00, 55.00)
Post WOMAC Pain score 80.21 (21.45) (65.00, 85.00, 100.00)
a
Mean average pressure pain thresholds (PPT) across the three replicates.
b
Mean average PPT standard deviation across the three replicates.
Table 3 Longitudinal regression analyses of pre-operative pain severity and post-operative change in pain severity, Kellgren and Lawrence
osteoarthritis (OA) grade and pressure pain thresholds (PPTs) in patients undergoing total hip replacement (n = 232).
Model Exposure Adjusted
Pre-operative pain
Change in pain from
pre-operative to post-operative
Model interaction p-value*ß (95 CI) p-value ß (95 CI) p-value
1 OA Minimal 2.17 (6.92, 2.57) 0.369 4.54 (1.27, 10.35) 0.126
2 PPT Minimal 3.85 (1.54, 6.16) 0.001 1.33 (4.19, 1.54) 0.364
3 OA Minimal + PPT 1.82 (6.49, 2.84) 0.443 4.41 (1.41, 10.22) 0.138
PPT Minimal + OA 3.78 (1.47, 6.09) 0.001 1.17 (4.03, 1.69) 0.422
4 OA Minimal + PPT 1.74 (6.42, 2.95) 0.468 4.77 (1.04, 10.57) 0.108
PPT & Grade 3 OA Minimal 3.96 (0.35, 7.57) 0.032 1.50 (3.01, 6.01) 0.514
PPT & Grade 4 OA Minimal 3.61 (0.63, 6.58) 0.017 2.92 (6.58, 0.73) 0.117 0.054
1 OA Full 1.46 (6.01, 3.09) 0.529 4.54 (1.27, 10.35) 0.126
2 PPT Full 3.87 (1.66, 6.07) 0.001 1.33 (4.19, 1.54) 0.363
3 OA Full + PPT 1.07 (5.53, 3.38) 0.637 4.41 (1.40, 10.23) 0.137
PPT Full + OA 3.82 (1.61, 6.02) 0.001 1.17 (4.03, 1.69) 0.423
4 OA Full + PPT 1.03 (5.50, 3.44) 0.651 4.77 (1.03, 10.58) 0.107
PPT & Grade 3 OA Full 3.95 (0.51, 7.40) 0.024 1.51 (3.00, 6.01) 0.513
PPT & Grade 4 OA Full 3.67 (0.84, 6.51) 0.011 2.92 (6.58, 0.74) 0.118 0.052
Minimal adjustment = age, gender and randomization.
Full adjustment = Minimal adjustment + cohabitation, employment status, educational attainment and BMI.
*Model interaction p-value represents represent the improvement of fit by the introduction of the interaction between PPT and OA grade in both
the pre-operative, and post-operative change analysis.
Exposures = OA (Kellgren and Lawrence Grade 4 vs. Grade 3), PPT (pressure pain threshold on a standardized scale, with higher values indicating
less pain sensitivity).
Regression coefficients = adjusted mean difference (or change), with increasing values indicating less pain on the WOMAC Pain scale.
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with Grade 3 OA, suggesting that patients with
higher PPTs benefitted more from surgery (increased
change in WOMAC Pain score) than those with
lower PPTs. In contrast, there was little evidence of
an association between PPTs and change in pain
severity in patients with Grade 4 OA.
4. Discussion
This exploratory study has a number of potentially
important findings that provide insight into the asso-
ciations between central sensitization, radiographic
OA and pain severity in patients undergoing joint
replacement. No association was found between
radiographic OA and pain severity in patients wait-
ing for THR, and an inverse relationship in patients
waiting for TKR. There was some evidence that
patients with less severe hip OA reported less
improvement in pain by 12 months after surgery.
Confirming our previous findings about central sen-
sitization and pain severity (Wylde et al., 2015c),
more widespread hyperalgesia were associated with
more severe pain pre-operatively, but not with
change in pain from pre- to post-surgery. Interest-
ingly, analysis of the interaction between radio-
graphic OA, PPTs and pain severity revealed further
complexities. The pre-operative data indicated that
patients with more severe radiographic knee OA
who had more widespread hyperalgesia reported
more severe pain. The longitudinal analysis revealed
there was weak evidence that patients with less sev-
ere knee OA and more widespread hyperalgesia
responded less favourably to surgery than those with
less widespread hyperalgesia. Conversely, there was
weak evidence for patients with more severe hip OA
and more widespread hyperalgesia to respond better
to surgery than patients with less widespread hyper-
algesia. Reasons for these conflicting results are
unclear, but they suggest that central sensitization
may be a determinant of how much patients benefit
from joint replacement, although this varies by joint
and the severity of structural joint changes. Further
work is needed to elucidate the reasons for these dif-
ferences, but these initial findings highlight the
importance of considering hip and knee OA as sepa-
rate diseases.
As expected, there was a lack of concordance
between pre-operative pain severity and radiographic
OA. In agreement with previous research (Dowsey
et al., 2016), no association was found between pre-
operative pain severity and radiographic OA in
patients waiting for THR. However, in patients wait-
ing for TKR, an inverse relationship was observed,
with less severe OA associated with more severe pre-
operative pain. This finding differs from an earlier
study which found no association between
Table 4 Longitudinal regression analyses of pre-operative pain severity and post-operative change in pain severity, Kellgren and Lawrence
osteoarthritis (OA) grade and pressure pain thresholds (PPTs) in patients undergoing total knee replacement (n = 241).
Model Exposure Adjusted
Pre-operative pain
Change in pain from pre-operative
to post-operative
Model interaction p-value*ß (95 CI) p-value ß (95 CI) p-value
1 OA Minimal 5.10 (1.08, 9.13) 0.013 3.05 (2.15, 8.24) 0.250
2 PPT Minimal 2.83 (0.72, 4.94) 0.009 0.18 (2.39, 2.75) 0.891
3 OA Minimal + PPT 4.97 (1.00, 8.94) 0.014 3.05 (2.15, 8.25) 0.250
PPT Minimal + OA 2.76 (0.67, 4.84) 0.009 0.16 (2.41, 2.73) 0.902
4 OA Minimal + PPT 4.98 (1.03, 8.93) 0.014 3.03 (2.14, 8.21) 0.251
PPT & Grade 3 OA Minimal 1.03 (2.10, 4.15) 0.520 2.28 (1.69, 6.25) 0.261
PPT & Grade 4 OA Minimal 3.96 (1.33, 6.59) 0.003 1.34 (4.69, 2.01) 0.432 0.242
1 OA Full 5.40 (1.41, 9.40) 0.008 3.04 (2.15, 8.24) 0.251
2 PPT Full 2.82 (0.76, 4.88) 0.007 0.18 (2.39, 2.75) 0.891
3 OA Full + PPT 5.30 (1.37, 9.24) 0.008 3.05 (2.15, 8.24) 0.250
PPT Full + OA 2.77 (0.74, 4.80) 0.008 0.16 (2.41, 2.73) 0.903
4 OA Full + PPT 5.33 (1.41, 9.25) 0.008 3.03 (2.14, 8.21) 0.251
PPT & Grade 3 OA Full 0.96 (2.08, 4.01) 0.536 2.28 (1.69, 6.25) 0.260
PPT & Grade 4 OA Full 4.03 (1.45, 6.61) 0.002 1.34 (4.69, 2.00) 0.431 0.220
Minimal adjustment = age, gender and randomization.
Full adjustment = Minimal adjustment + cohabitation, employment status, educational attainment and BMI.
*Model interaction p-value represents represent the improvement of fit by the introduction of the interaction between PPT and OA grade in both
the pre-operative, and post-operative change analysis. Exposures = OA (Kellgren and Lawrence Grade 4 vs. Grade 3), PPT (pressure pain threshold
on a standardized scale, with higher values indicating less pain sensitivity).
Regression coefficients = adjusted mean difference (or change), with increasing values indicating less pain on the WOMAC Pain scale.
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radiographic knee OA and pre-operative pain sever-
ity (Dowsey et al., 2012). The differences between
the two studies may lie partly in the differing meth-
ods of pain assessment. Our study confirmed the
noted discordance between radiographic OA and
pain severity in patients waiting for joint replace-
ment, and additionally suggests an inverse relation-
ship between pain severity and radiographic knee
OA.
Analyses of the relationship between PPTs and
pain severity revealed that widespread hyperalgesia
was associated with more severe pain before joint
replacement. Previous research has also reported
similar associations, as well as associations between
pre-operative widespread hyperalgesia and pain
after joint replacement (Lundblad et al., 2008;
Arendt-Nielsen et al., 2010; Neogi et al., 2013;
Wylde et al., 2013). However, our previous work
demonstrated that pre-operative widespread hyper-
algesia was not associated with the amount of pain
relief that patients gain from joint replacement
(Wylde et al., 2015c). Our further analyses pro-
duced novel findings suggesting that the relation-
ship between widespread hyperalgesia and pain is
influenced by radiographic OA severity. A previous
study found that radiographic OA status did not
modify the relationship between PPTs and self-
reported symptoms (Goode et al., 2014). Although
our findings were similar for patients with hip OA,
there was weak evidence that patients with Grade
4 OA who had more widespread hyperalgesia
reported greater pre-operative pain. In our longitu-
dinal analysis of radiographic OA and change in
pain with surgery, we found different results in
patients undergoing THR and TKR. There was
some weak evidence TKR patients with less severe
OA and more widespread hyperalgesia responded
less favourably to surgery than those with less
widespread hyperalgesia. This suggests that central
sensitization may be a determinant of gaining less
benefit from TKR. However, there was weak evi-
dence that THR patients with more severe OA and
more widespread hyperalgesia to respond better to
surgery than patients with less widespread hyperal-
gesia. These findings appear somewhat counter-
intuitive, suggesting a beneficial effect of central
sensitization on improvement in pain after THR for
patients with severe OA. It is also important to
note that these findings provided only weak evi-
dence and should therefore be interpreted with
caution. However, if confirmed in future studies,
the reasons for these findings warrant further
investigation.
Strengths of the study include the longitudinal
study design, large sample size, use of robust mea-
sures of widespread hyperalgesia and pain, stratifica-
tion of analysis by OA grade and comprehensive
approach to statistical analysis which allowed the
analysis of pre-operative pain and change in pain
with surgery. However, it is important to consider
the limitations when interpreting the findings. This
analysis was exploratory in nature and conducted on
an existing data set and therefore the study was not
powered for this analysis. Although we adjusted the
analyses for demographic and socioeconomic vari-
ables, other factors are known to influence the pain
experience and could have been controlled for such
as depression and anxiety. Also we did not collect
information on the treatments that participants
received after joint replacement, which could have
influenced pain outcomes at 12 months. Our out-
come of interest was pain severity, and while we
used a validated tool to assess this, pain severity is
only one dimension of the patients’ experience of
pain and it is important to acknowledge that there
are many other important pain outcomes, such as
pain-related distress and pain interference (Wylde
et al., 2015b). Similarly, the assessment of PPTs is
only one method by which to measure changes in
central pain modulation, and research assessing
parameters such as temporal summation or condi-
tioned pain modulation may further add to the
knowledge of pain mechanisms in the context of OA
and joint replacement (Yarnitsky et al., 2008; Peter-
sen et al., 2015).
In summary, although our previous work found
no effect of pre-operative widespread hyperalgesia
on the amount of pain relief that patients gain from
joint replacement (Wylde et al., 2015c), analysis
stratified by OA grade suggests that there is a trend
that widespread pain sensitization reduces the
amount of pain relief that patients with less severe
OA gain from TKR. Previous research has found that
patients with less severe OA experience less benefit
from joint replacement, and it has been proposed
that this may be because factors beyond structural
joint changes, such as central sensitization, are con-
tributing to pain severity in these patients (Valdes
et al., 2012). Our findings provide evidence, albeit
weak, for this hypothesis in patients undergoing
TKR, but not THR. As this is the first study to inves-
tigate the interaction of PPTs and radiographic OA
on benefit gained after joint replacement, reasons for
these conflicting findings between patients undergo-
ing THR and TKR are unclear and further research is
needed to confirm these findings and provide further
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insight into potential mechanistic pathways. How-
ever, these findings could have important clinical
implications, through identifying the potential for
stratified treatment of pain in patients undergoing
joint replacement.
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